1. Introduction {#sec0005}
===============

Adolescence is a transitional period beginning with the onset of puberty and culminating in the assumption of a stable adult role ([@bib0435]). There is considerable individual variability in both its onset and length. While the onset of adolescence is likely to be dependent on the release of pubertal hormones which set in motion a cascade of physical developments (e.g., dimorphic secondary sexual characteristics, neural changes), the offset is more contingent on sociocultural norms ([@bib0045], [@bib0220], [@bib0240], [@bib0325], [@bib0580]; [@bib0800]). Adolescence is characterized by changes in psychological make-up too, particularly in social-affective (the experience and regulation of emotion in response to social cues) and social-cognitive (the reasoning about the social world and others' mental states) abilities. These changes are observed in and driven by maturing neural circuits ([@bib0540], [@bib0285]) and are likely to be adaptive as adolescents begin to engage with increasingly complex peer networks ([@bib0695]).

Adolescence is also a period of vulnerability for the emergence of many psychiatric conditions. One of these is social anxiety disorder (SAD), a debilitating condition characterized by a paralyzing fear of negative evaluation from others ([@bib0100], [@bib0620]). Since peer interactions carry important learning experiences for adolescents, avoidance of social exchanges, often used as a way to cope with social anxiety, is likely even more impairing and disruptive during this time ([@bib0495]). Social anxiety may be viewed as an 'adolescent disorder'. Indeed, age-of-onset data show that around 75% of more extreme and persistent forms of social anxiety have their onset by mid-adolescence with a median age of onset of 13 years ([@bib0245], [@bib0390], [@bib0395], [@bib0760]). Although several neurobehavioral hypotheses have been proposed to account for the general vulnerability to psychiatric conditions in adolescence (e.g., [@bib0705]), there is less understanding of how typical age-associated changes in adolescence may serve as vehicles for the expression of social anxiety risks in particular. In this article, we consider *whether* and *why* SAD risk factors emerge at the adolescent juncture, with a focus on the underlying neuro-developmental mechanisms that enable risk factors to find expression. We will first review changes in the functional architecture of social-affective and -cognitive brain circuits in adolescence. Next, after reviewing the cognitive characteristics and neural correlates of adolescent SAD, we will suggest how adolescent changes may 'bring out' aspects of SAD-risk.

More recently, adolescence has also been suggested as a period of heightened learning and flexibility ([@bib0130]). This raises the question of whether adolescence may be an optimal period for targeting risks associated with SAD through translational interventions. A second set of goals of this paper is to (a) highlight how typical neuro-developmental changes can allow flexible and adaptive long-term learning about social-emotional events and, (b) highlight how developmental cognitive neuroscience research can inform the timing of psychological treatments for SAD. We ask whether there is greater social-affective plasticity in adolescence and how this might enable age-appropriate interventions to bring stronger, longer-term benefits.

2. How does the importance of peers change in adolescence? {#sec0010}
==========================================================

A pronounced change in adolescence is the preoccupation with peers and romantic interests. Compared to adults, adolescents are far more concerned about peer feedback and respond more negatively to peer exclusion ([@bib0115], [@bib0410], [@bib0555], [@bib0630], [@bib0755]). Adolescents more frequently experience self-consciousness and use social comparison as a method of self-evaluation compared to pre-adolescent children ([@bib0075], [@bib0170], [@bib0175], [@bib0180], [@bib0305], [@bib0595]). There is also an increased interest in understanding and tracking the mental states of peers, manifesting, for example, in increased awareness of their peers' likes and dislikes (fashion, music, gadgets or language neologisms). Studies using behavioral paradigms show a growing understanding of another\'s mental state in terms of visual perspective-taking, feelings and motivations ('mentalizing'; [@bib0155], [@bib0730]) and more differentiated pro-social behavior ([@bib0265]; Burnett Heyes et al., submitted for publication; [@bib0715]).

These broad but pervasive adolescence-associated social-affective and cognitive changes may be mediated by prolonged maturation of functional (and structural) brain networks ([@bib0540]). Indeed, over the last decade, there has been a surge in investigations of age- and/or puberty-related typical functional brain maturation of networks underpinning social-affective and cognitive processing (e.g., [@bib0040], [@bib0820]). The networks of regions involve limbic and temporal areas and several functional sub-divisions of the pre-frontal cortex (PFC). Data suggest that these regions likely work in concert, as interactive networks enabling flexible responding to social-emotional cues.

Studies investigating developmental changes in the neural responses to social-affective stimuli can be divided into those investigating *automatic* regulatory responses to basic social and non-social threats and rewards, and those that probe more *controlled* regulatory responses. In the first category, complex, region-specific linear and quadratic trajectories across adolescence have been reported in the neural sensitivity of subcortical and cortical regions to social but also non-social threats and rewards. Broadly, these data suggest a peak in the neural responses of subcortical affect- and reward-processing regions such as the amygdalae and striatum to simple threatening or rewarding stimuli (e.g., monetary rewards and static, emotional faces) (e.g., [@bib0095], [@bib0190], [@bib0300], [@bib0600], [@bib0570], [@bib0675], [@bib0725]). *When* peak sensitivities occur is not clear: while some researchers have documented curvilinear trends with a peak in mid-adolescence ([@bib0300], [@bib0675]), others have reported linear declines throughout adolescence with peaks in late childhood ([@bib0235]). Developmental trajectories of frontal areas in response to social-affective stimuli are equally, if not more, complex. Using basic inhibition-based paradigms (such as go/nogo tasks), which tap automatic regulatory responses to emotional face displays, studies have reported increased activity in functional portions of the PFC during response inhibition in adolescents compared to older age groups. These often occur in the presence of overall poorer behavioral performance ([@bib0815], [@bib0675]). Turning to paradigms that measure participants' automatic regulatory responses to more complex socially provocative stimuli (e.g., tasks that simulate online social exclusion), these have found more extensive differences occurring in the insula, anterior cingulate cortex (ACC) and medial and lateral functional subdivisions of the PFC between children, adolescents and adults (e.g., [@bib0260], [@bib0250], [@bib0280], [@bib0425], [@bib0430], [@bib0470], [@bib0665]). However, inconsistencies in the directionality of these differences across studies make drawing interpretations about developmental change difficult. The second category of studies investigating more effortful, controlled regulatory processing is more limited, but nonetheless show similarly inconsistent linear and quadratic trends in prefrontal activation ([@bib0480], [@bib0510], [@bib0615]). The inconsistency of findings across studies may stem from the use of different tasks tapping subtly different processes. Alternatively, variations may also arise from differences in the salience and relevance of the task context ([@bib0060], [@bib0130]).

As well as studying differences in individual regions, many studies have also explored adolescent changes in functional connectivity -- the co-activation between different areas, either during 'resting state' or during a task. Resting state functional connectivity studies suggest that functional integration within networks increases across adolescence ([@bib0210]). A 'switch' from positive to negative connectivity in the amygdalae-medial prefrontal cortex (mPFC) network has also been reported across 4--22 year olds during the viewing of fearful emotional faces ([@bib0235]). Specifically, for children aged (4--9 years) increased amygdala activation was associated with increased mPFC activity, while from early adolescence (10--13 years) to adulthood higher mPFC activation was associated with lower amygdala activity. These changes in connectivity may reflect continuous maturation of top-down modulatory ability in frontal areas from childhood to adolescence to adulthood.

To investigate age trends in the neural substrates of social-cognitive processes, studies have investigated functional engagement of 'social brain' regions during perspective-taking. Early studies mostly compared brain activity during mental state attribution in a single adolescent group (often with a wide age range) with an adult group (e.g., [@bib0050], [@bib0070], [@bib0515], [@bib0735]). However, more recent studies have used longitudinal designs or compared multiple adolescent age groups to delineate more continuous changes in networks across age. Exemplifying this, [@bib0255] scanned two adolescent age groups (aged 10--12 and 14--15) and one young adult group (19--23 years of age) during the 'Mind in the Eyes' task (participants had to label emotional expressions as displayed in the eyes). While all age groups showed increased activation along the superior temporal sulcus during this task, only the youngest group exhibited additional engagement of the dorsal mPFC. In a two-year follow up, participants were re-tested with the same paradigm, corroborating decreases in pre-frontal activation with age in the same individuals. However, while linear trends were found for some frontal regions (e.g.?, the inferior frontal gyrus), there was also a quadratic pattern in the dorsal mPFC with a dip in mid-adolescence ([@bib0560]). Studies using tasks that simulate more complex social exchanges have found similar patterns. For example, one study by [@bib0710] scanned pre-pubertal youth (12--14 years), post-pubertal youth (15--17 years) and young adults (18--22) during a task that probed fairness and trust during the assignment and sharing of monetary rewards. While only the youngest group showed additional mPFC activity, the researchers found a gradual age-related increase in activity of the left TPJ and the right dorsolateral PFC, which correlated with increased reciprocity in exchanges. Together, these studies suggest that with age, relative contributions of prefrontal and temporal areas to mental state processing change, possibly toward increased recruitment of temporal areas. Such findings have been suggested to reflect increased automaticity of engaging in mentalizing across adolescence (e.g., [@bib0040], [@bib0710]), perhaps through an increased reliance on social scripts.

In summary, some of the most documented adolescence-associated behavioral adaptions are an increased emotional reactivity and more sophisticated social understanding. These are paralleled by changes in the functioning of PFC-amygdalae-temporal circuits. Presumably these neurocognitive changes prepare the adolescent for navigation in a novel and more complex social world. However these adaptive neural changes may also have negative 'side effects'. Specifically, these developments may lead to increased social concerns and susceptibility to peer conformity and influence. In the next section, we suggest that the protracted maturational changes associated with social and affective functioning explain why adolescence is a peak period for the emergence of more distressing social worries in some individuals. We suggest that the as-yet poorer emotion regulation abilities, and the evolving ability to take another\'s perspective, mean that certain neuro-cognitive risk factors for social anxiety are more likely to cascade into socially anxious behavior in this developmental period. However, before considering this hypothesis further, we first review the cognitive characteristics of adolescent SAD and their neural bases.

3. How does social anxiety affect information processing? {#sec0015}
=========================================================

Dominant cognitive models of SAD highlight how differences in the processing of social information in socially anxious individuals may serve to maintain the disorder. Specifically, cognitive biases -- maladaptive systematic distortions in information processing -- have been reported in individuals with SAD at various processing stages including attention, interpretation and judgment or expectation ([@bib0100], [@bib0335], [@bib0355], [@bib0530]).

A handful of studies have found maladaptive allocation of *attention* toward threatening social cues in adolescents with SAD ([@bib0655], [@bib0700]), and also in behaviorally inhibited (BI) youths ([@bib0625], [@bib0590]). BI is a temperamental factor that shows clear parallels with social anxiety in the wariness, fear and avoidance of novel social situations, although there is contention over the degree to which BI is an early marker for SAD. While these findings on attention biases are promising in pinpointing cognitive underpinnings of SAD, it is important to highlight that a small body of studies have also found no group differences in attentional deployment ([@bib0025], [@bib0405]). Biased *interpretations*, that is, a tendency to interpret ambiguous social situations as threatening, have also been studied in adolescents with SAD. As social information is particularly ambiguous -- we constantly have to interpret and track complex bodily, verbal and facial cues throughout interactions -- biases in interpretation may be specifically relevant for social anxiety (relative to other types of anxiety symptoms). A few studies (e.g., [@bib0485], [@bib0285]) have found that adolescents with increased social anxiety were more likely to endorse negative interpretations of ambiguous situations. Interestingly, while links between biased interpretations and social anxiety symptoms are fairly consistent in adolescence, findings in children are mixed. Some studies have documented biases ([@bib0055], [@bib0535]) while others report no biases in socially anxious children ([@bib0125], [@bib0330]). It may either be that current measurement tools are less suitable to detect interpretation biases in younger populations or that interpretation biases do not mature as risk factors for social anxiety until adolescence. Finally, biases in *expectations* of performance in social-evaluative contexts also characterize socially anxious children, teens and at-risk populations. Individuals with SAD expect to perform worse and expect to show visible signs of nervousness in social and performance situations ([@bib0005], [@bib0520], [@bib0575], [@bib0635], [@bib0685]). Findings as to whether socially anxious youths *actually* perform worse or whether these expectations are only existent in their own perception of their social competence are, however, mixed (e.g., [@bib0080], [@bib0090], [@bib0185], [@bib0490]).

These cognitive biases have been shown to manifest in differential engagement of fronto-limbic circuits during the anticipation of, during, and post social-event processing. Interestingly, the networks implicated in aberrant processing in SAD are those documented to undergo prolonged functional restructuring in adolescence. There are now a few studies investigating the neural substrates of information processing in adolescents with social concerns. Increased affective responses to negative social cues (e.g., negative faces) have been linked to increased amygdalae sensitivity as well as differential responses in the ACC, striatum, mPFC, ventrolateral PFC (vlPFC) and insula in adolescents with SAD or increased social worries ([@bib0035], [@bib0400], [@bib0475]). Tasks that present more dynamic social exchanges have replicated and extended these data (e.g., [@bib0335], [@bib0355]). For example, studies using the 'Chat Room Task' (e.g., [@bib0280]), which presents participants with photographs of peers that the participant either 'accepted' or 'rejected' for online interactions in a previous session, have found differential responses in both anticipation and post-event processing. When anticipating feedback from the previously 'rejected' peers, adolescents with social concerns manifested greater amygdala activity relative to non-anxious adolescents. Socially anxious participants also displayed aberrant functional connectivity between the vlPFC and amygdalae compared to the control participants ([@bib0275], [@bib0425], [@bib0430]). Another study of the same sample found that prior to receiving peer feedback, amygdala activity was heightened in both groups of adolescents. However, after receiving feedback, this activity declined in healthy but not in participants with more social concerns. FMRI studies that have included behaviorally inhibited youth find similar fronto-limbic perturbations as those described in youth with SAD. Notably, studies with adolescents with BI have also reported increased responses in the amygdalae to negative emotional expressions, differential striatal responses to the anticipation of monetary and social rewards, and during conflict adaptation (when individuals habituate to successively presented contradictory emotional information ([@bib0200], [@bib0020], [@bib0270], [@bib0295], [@bib0310], [@bib0335], [@bib0355], [@bib0340], [@bib0585]).

While these neurocognitive differences may explain why some socially anxious (or behaviorally inhibited) young people develop and maintain impairing social concerns, questions remain over why these fears emerge at the adolescent juncture. In the last section, we speculated that adolescence-related changes in neural circuits and associated information processing underscore the salience of social situations for all teenagers. Here, we further suggest that for a subgroup of youngsters, these adolescence-associated changes might magnify pre-existing cognitive biases and/or trigger the emergence of new biases. Speculatively, the protracted maturation of circuits involved in regulating reactivity to social-affective information might exaggerate pre-existing *attention* biases for threatening social cues. This, in turn, could reciprocally affect trajectories of functional brain development by biasing both the nature of incoming information and the ways in which this information is processed and subsequently consolidated. Another possibility is that developments in mentalizing underpinned by trajectories of the 'social brain' may enable the expression of *interpretation* biases. As mentalizing abilities become increasingly sophisticated across adolescence, the teenager is able to generate more 'mental explanations' for others' behavior. This may result in an increase in perceived complexity and ambiguity of daily social interactions. As there are parallel increases in time spent interacting with peers within larger social networks, these developments in the perception of social interactions may 'expose' in some individuals the tendency to decode ambiguous social cues in a negative manner. This could potentially explain why interpretation biases are not consistently found in younger populations: biases in interpretation may only manifest once these advanced social-cognitive capacities are attained.

In summary, maladaptive cognitive biases characterize adolescents with SAD and may contribute to the maintenance of the disorder. A growing body of data also suggests that these biases may be rooted in the perturbed functioning of key fronto-limbic circuits dedicated to the processing of emotional and social stimuli. While normative changes in those neural circuits may explain why there are heightened social concerns during adolescence, these same changes may also push a subset of adolescents with cognitive vulnerabilities toward more extreme social fears and worries. By biasing individual differences in social-affective networks further, brain maturational changes in adolescence may, in a minority of youth who already fall at the end of the continuous distribution, result in a shift further toward the extreme end.

4. Are there unique learning opportunities during adolescence? {#sec0020}
==============================================================

Alongside the relatively bleak picture of a period where preexisting vulnerabilities find expression, it may also be the case that the adolescent-typical neurodevelopmental changes we have described enhance plasticity to positive environmental experiences (see [Fig. 1](#fig0005){ref-type="fig"}). These experiences may often center around positive peer interactions and academic achievements, but could also include early interventions. Indeed, research on normative changes suggests that adolescence is a period of opportunity. Recent conceptual frameworks view the adolescence-associated increase in 'emotionality' and 'sociality' as facilitating learning for specific, relevant (social-emotional) experiences. Protracted maturation of neurocognitive abilities may enable individuals to be more flexible in their behavioral responses and adapt rapidly to changing social contextual demands (e.g., [@bib0130], [@bib0545]). Following this line of thought, it has been suggested that interventions implemented at developmentally-sensitive junctures may yield more powerful and sustained therapeutic benefits ([@bib0110]). This may be particularly so for interventions which target neurocognitive processes that are undergoing maturational change in adolescence. Thus, the benefits of early treatment may not simply be limited to a timely amelioration of symptoms to avoid long-term negative outcomes. Instead, administering interventions early may take advantage of developmentally sensitive plasticity and learning. Here, we first consider how neurodevelopmental changes may enhance learning and plasticity, and next, which interventions may be most appropriate.Fig. 1Adolescence as a period of vulnerability for SAD. Red shaded region highlights risk for onset or amplification of neurocognitive risk factors through interplay of adolescence-associated changes. As socio-affective networks are thought to develop across adolescence with complex linear and quadratic changes we suggest greater plasticity to socio-affective stimuli across the teenage years (relative to adults). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Across adolescence, changes in brain networks may result in: (i) greater affective responding to (socially) threatening and rewarding feedback and (ii) a greater engagement with, and understanding of, complex interpersonal situations. These changes may focus learning on 'developmentally-appropriate' cues such as peer feedback when seeking out new group membership. Differential reactivity both in amygdalae and striatal function, which have been shown to support basic learning processes of threat and reward ([@bib0105], [@bib0230]), may also guide and enhance emotional learning in adolescence. Protracted maturation of individual regions and connectivity of prefrontal-limbic-temporal networks may allow for these abilities to emerge gradually across adolescence. But is there evidence that (social and non-social) emotional learning is enhanced in adolescence?

Learning from (both positive and negative) feedback in changing environments appears to develop until early adulthood. Behavioral data from several experiments suggests that youngsters are more influenced by irrelevant negative feedback, experience more arousal in response to anticipated loss, and exhibit an increased learning rate from events that are worse than expected compared to adults ([@bib0135], [@bib0290], [@bib0320]). A few imaging studies have revealed increasing engagement of dorsolateral PFC and parietal cortex to negative feedback with age ([@bib0720], [@bib0140]). Two more recent studies have assessed neuro-developmental differences in more complex, probabilistic learning environments, by looking at the neural underpinnings of prediction error in development. In brief, prediction error refers to the difference between expected and actual/experienced (positive or negative) outcome. A study by [@bib0105] found that a neural representation of prediction error in the ventral striatum only emerged in the mid- to late-adolescent group, with heightened sensitivity to positive predictions errors in adolescence. [@bib0715] further found that ventral striatum-mPFC connectivity during prediction error learning changed from stronger connectivity after negative feedback to stronger connectivity after positive feedback (though they did not find striatal differences per se in response to prediction errors). A further cross-sectional study by [@bib0370] probed neural responses during positive social reinforcement learning. The authors reported that teenagers, in comparison to both children and adults, exhibited greater insular activity during positive prediction error learning. Together, these studies suggest that adaptive developmental learning during this period is aided by a unique reactivity/receptiveness to certain (social and non-social) learning signals and changing mechanisms by which these signals guide and inform behavior.

Changes in experience-dependent learning also emerge in animal models of adolescence. While most animal literature has focused on facilitated learning in early prenatal periods as sensitive windows for cognitive and social learning (e.g., [@bib0565], [@bib0550]), there are some studies that provide evidence for a unique developmental window in adolescence for relevant stimuli classes. These include reproductive and social cues ([@bib0640], [@bib0660]) and faster, more flexible learning of new reward associations ([@bib0375]). Lesion studies of non-human primates have further shown that amygdalae lesions at different developmental periods have different effects on social behavior. For example, monkeys that received lesions as neonates exhibited an increased fear response, were less dominant and of lower rank in the social hierarchy when interacting with same-aged monkeys during adolescence ([@bib0805]). In contrast, monkeys that received lesions as young adults (i.e., after their experiences of adolescent social interactions) displayed reduced levels of fear and retained pre-lesion social dominance and their rank in the hierarchy ([@bib0465], [@bib0015]). Rodent research has also demonstrated that social deprivation/isolation during puberty/adolescence has long lasting effects on adult rat behavior and physiology ([@bib0650], [@bib0645]). There is some evidence that these effects may be mediated through aberrant structural development (synaptic density) of the infralimbic cortex and the cingulate gyrus ([@bib0455]), and reduced prefrontal myelination in male rodents ([@bib0450]). Lastly, there is also evidence for resilience and rapid learning for positive social experiences. While exposure to stress during adolescence has been shown to exacerbate stress responses in adult rats ([@bib0010]), conversely, rats reared with consistent exposure to social contact during adolescence were found to exhibit attenuated pituitary-adrenocortical stress response in adulthood ([@bib0385]). Complementing these findings, studies on rodent models of (social) stress have demonstrated, for instance, that less socially skilled (subordinate) adolescent rats can rapidly increase social skills when co-housed with more dominant, wild type rats ([@bib0065]).

In summary, recent theoretical models of adolescent social-affective brain development no longer conceptualize the unique time course of maturation as an obstacle toward optimal interpersonal functioning. Instead, most recent syntheses of the data on brain--behavior relationships in adolescence describe this period as a time of flexibility and adaptation during which the teenage brain is specifically receptive to certain socially relevant experiences (e.g., [@bib0130], [@bib0545]). The unique maturational schedule and sensitivities motivate and enable the adolescents to learn about social interactions and further develop competencies needed to navigate the world independently. These unique characteristics of adolescent brain development may render this period suitable for early, neurocognitive interventions with potentially increased and long-lasting benefits.

5. Age-appropriate SAD interventions to capitalize on plasticity {#sec0025}
================================================================

Given some evidence that adolescent-specific developmental changes may facilitate emotional and social learning, developmentally appropriate interventions could harness this knowledge to make most of the unique response profile of adolescence. If specific interventions administered in adolescence could yield greater and longer-lasting therapeutic effects, what possible interventive tools are there? Ideally interventions would target neurocognitive processes that are still changing across the adolescent period. Here we suggest that (i) modification of attention and interpretation biases through cognitive training and (ii) modulation of underlying neural circuits through fMRI-based neurofeedback (NF) might be especially promising options for teenage participants.

Cognitive bias modification of attention (CBM-A) and interpretation (CBM-I) training programs have recently been implicated in the treatment of adult anxiety and mood conditions. Both types of training capitalize on basic cognitive science findings suggesting that information-processing biases (such as an in attention or interpretation) may be causally linked to anxiety (and depressive symptoms). Thus, 'correcting' these or encouraging more adaptive forms of information-processing styles could attenuate symptoms. The process of teaching new styles of attentional orienting and interpretation occurs through repeated learning, in which the adaptive but not maladaptive form of responding to a stimulus is reinforced through feedback. Modifying attention biases (i.e., CBM-A) has most commonly been achieved through the dot-probe task. The dot probe task (often used to assess selective attention-orienting biases) presents participants with a pair of stimuli (usually one threatening and the other non-threatening i.e., neutral or positive) in different locations on a computer screen. This is followed by a 'probe' stimulus replacing one of the two stimuli. Unlike the standard dot-probe, training versions of the task always present the probe to which the participant responds after the non-threatening target. Thus, over trials, the participant learns to automatically direct his/her attention away from the threatening target and toward the non-threatening stimulus. Another version of CBM-A tasks has relied on visual search paradigms (e.g., [@bib0740]). Participants view a grid of faces one of which is positive (wearing a smile) while the others are negative (wearing frowns). The participant must select the positive expression as quickly as possible. Again, the principle is that the participant learns over trials to disengage attention from threatening stimuli and instead direct attention to a benign stimulus. As only a subset of anxious children manifest attention biases, training attention not only away from threat but also toward positive stimuli has the advantage to minimize any potentially negative effects for those teens who do not present with biases and instead may even have unique benefits ([@bib0165], [@bib0120], [@bib0740]). CBM of interpretations (CBM-I) operates via similar principles of repetitive learning and feedback, but encourages benign interpretative styles. Most commonly, participants are presented with an incomplete ambiguous passage, which can be completed by filling in the missing letter of a word fragment, presented at the end of the passage. The word fragment is selected such that correct completion always resolves the passage in a benign or positive direction. Thus, again after many trials, participants learn to endorse more adaptive interpretations of ambiguous scenarios.

Both CBM-A and CBM-I techniques rely on associative learning principles to reinforce the acquisition of more adaptive processing styles (attention and interpretation). As they are thought to involve automatic, implicit learning through repeated training, they may present complementary methods for modifying cognitive biases to traditional effortful and explicit top-down strategies, such as those used in cognitive behavioral therapy (CBT) ([@bib0460]). These training methods are thought to be similar to the processes by which children and young people acquire anxiety-associated processing styles as these are also thought to involve associative learning. More specifically, by modeling those of their care-givers or even peers through observation (vicarious learning) or being verbally instructed (verbal learning) about the appropriate adoption of threat-congruent processing styles across daily situations (see [@bib0215] for review), certain anxiety processing styles become associated with particular situations. Thus, retraining processing styles through CBM-I and CBM-A, which use similar associative learning methods, speculatively, may be more age-appropriate than CBT.

If effective, CBM-A and CBM-I could be used at different stages of intervention: as a therapeutic intervention for current symptoms or an 'add on' intervention to enhance effectiveness of current treatments. They could even serve as a preventative intervention to target vulnerability in at-risk individuals. However, empirical studies are quite mixed in their assessment of efficacy. First, clinical trials of CBM-A in pediatric patients with anxiety disorders have reported promising but also inconsistent results ([@bib0030], [@bib0670], [@bib0165], [@bib0740]). There have been no clinical trials of CBM-I yet; community samples report some positive findings in attenuating anxious responses after a single session of training but as effects on symptoms in non-clinical groups are suspected to be rather weak, this has resulted in inconsistent findings across studies ([@bib0420]). The one study applying CBM-I to patients (including but not limited to patients with SAD) showed that, while biases could be altered through training, effects on symptoms were again small and insignificant ([@bib0225]). These initially disappointing results could be due to only single training sessions being administered. Interestingly, a recent study looking specifically at adolescents with high levels of social concerns showed that a combination of CBM-A and CBM-I was effective ([@bib0690]), but these effects were less persistent than those of other frontline treatments such as CBT. One strategy to improve effectiveness may be to increase user-engagement of these computerized training programs. The design of this interface could draw on findings from developmental cognitive neuroscience highlighting the motivational salience of social stimuli to facilitate greater learning. More particularly, one could use as training materials, descriptions or even pictures of social scenes where the participant has to seek out friendly individuals over unfriendly individuals (attention training) or attribute the cause of an ambiguous social scene (a frowning individual) to a benign reason (the individual is feeling unwell).

FMRI-based neurofeedback ("NF") is a newly emerging technique that utilizes the latest developments of real-time data processing and pattern analysis in order to train participants in the self-modulation of neural networks. In fMRI-based NF studies, participants are presented with real-time brain activation in specific regions (or circuits) of interest (for example through a visually-presented thermometer), and they are trained to reliably regulate their online brain response with high spatial precision ([@bib0745], [@bib0750], [@bib0150], [@bib0145], [@bib0360]). FMRI-based NF has proven useful for up- or down-regulating the brain regions involved in healthy adults' emotional responses ([@bib0360], [@bib0365], [@bib0765]). A recent study of adult patients with depression, for example, found that fMRI-based NF was associated with significant improvements in symptoms, whereas cognitive training alone was not ([@bib0440]; see also [@bib0825], for a review). Studies extending fMRI-based NF to pediatric populations are currently underway with promising first findings (Cohen Kadosh et al., submitted for publication). As with CBM methods, NF may be especially age-appropriate as it could directly modulate brain networks which are undergoing change -- and which may be more responsive to external interventions. Like CBM, the effectiveness of NF for adolescents could be enhanced by delivering feedback in the form of socially salient tasks. As an example, adolescent participants might be asked to regulate particular brain regions during the simulation of stressful social situations (e.g., giving a speech in front of peers). Rather than presenting participants with a thermometer representing changes in levels of brain activity, participants could view signs of approval from a virtual audience as indices of effective up/down regulation.

It is worth pointing out the case for needing new interventive tools. First, although frontline psychological treatments such as CBT are effective (when compared to no treatment) in treating anxiety conditions in pediatric samples ([@bib0085]; [@bib0810]; [@bib0350]), analysis of 'number needed to treat' data indicates that for every one young person who successfully attains remission from psychotherapy, six are required to be treated ([@bib0350]). This variability in outcome appears to be particularly apparent in social anxiety disorder (Hudson et al., submitted for publication; [@bib0415]). Pharmacological treatments can work, too, but concerns have been raised over long-term use in this age range, including concerns about increased suicidality following some antidepressant usage ([@bib0525]). In general, both psychological and pharmacological treatments can be difficult to access and costly to administer. Thus, novel, targeted interventions that are engaging and easy to access are much needed. A second consideration is the suitability of current interventions for pediatric samples. Both psychological and pharmacological treatments were developed primarily for adults. Although the same can be said for cognitive training and neurofeedback techniques, if effective, these tools could be argued to reflect more age-appropriate interventions. As reviewed in earlier sections, the neural substrates of emotion regulation are still undergoing protracted maturation during adolescence. Therefore, one might expect targeted NF intervention on increasingly specialized social brain networks to be most effective at the adolescent juncture. In turn, complementary cognitive and neurofeedback training could yield more positive trajectories of change at the behavioral but also neurocognitive levels of functioning. Of course these suggestions on beneficial developmental timing of interventions may be applicable to other traditional interventions that target cognitive biases as well.

We would like to suggest CBM methods and fMRI-based NF as non-invasive and easily acquired techniques that can target maturing neurocognitive circuitry involved in SAD directly. There is still a lot to be learnt about the mechanisms by which these methods could achieve therapeutic benefits. It remains to be seen whether CBM methods can impact brain functioning both in terms of neural patterns of activation during emotion-processing, but also in terms of more long-term indices of functioning such as the reorganization of neural connections and circuits. While there is little research to support these speculations, it is notable that in adults, other psychological interventions such as CBT have been reported to alter indices of neural vulnerability for mood and anxiety disorders (e.g., [@bib0445], [@bib0610], [@bib0680]). By timing these interventive approaches to coincide with a period of substantial brain and cognitive development, such as adolescence, it is likely that intervention-induced changes to neurocognitive circuitry will have knock-on effects on behavior that are stronger and more persistent than at other developmental stages ([@bib0110]).

6. Concluding remarks and future directions {#sec0030}
===========================================

In this review, we have summarized neurocognitive risk factors associated with adolescent SAD and delineated ways in which normative neurodevelopmental progressions may contribute to adolescence-associated increases in social pre-occupation and affective responding. Some of the unique maturational changes in adolescence may serve to exacerbate individual differences in SAD vulnerability. But, by the same token, we have argued that these normative changes may also allow for the adolescent\'s development into a socially competent, independent individual and facilitate developmentally-sensitive learning. We have therefore discussed adolescence as an optimal time for administering neurocognitive interventions. Recently, attention has been drawn to the need for greater crosstalk between neuroscience and clinical science to accelerate progress toward better comprehension and improvement of evidence-based mental health treatments ([@bib0315]). Understanding the mechanisms by which normative neurodevelopmental changes underpin the expression of SAD-linked risk factors in adolescence can advance current theoretical models of SAD and, in parallel, inform when early interventions should be administered to maximize benefits.

As some of the material in this review is speculative, it is worth being more concrete about specific lines of research to follow up on our suggestions. First, it would be important to establish whether there is indeed a developmental moderation of risk for SAD. More precisely, here, we make the suggestion that certain cognitive risk factors for social anxiety, such as interpretation biases, only emerge at particular stages of development. The presence of these biases would be contingent on a more sophisticated understanding of social situations and increased complexity of social interactions. There is some suggestion that interpretation biases only influence social anxiety during the adolescent years, through cross-sectional comparison of findings. However, more systematic, longitudinal investigations in the same sample could be conducted, assessing whether interpretation biases only contribute toward social anxiety at particular stages of development. An even better strategy would be to derive indices of social-cognitive development or underlying brain maturation as an index of development rather than chronological age. A second exciting area of research is to establish whether plasticity and specifically responsiveness to particular external interventions are in fact greater in adolescence compared to children and adults -- and moreover, whether within adolescence there are particular 'hotspots'. In this review, we have discussed growing evidence that learning and flexibility may be greater during adolescence, but this data has yet to be extended to responsiveness to particular anxiety-reduction techniques or interventions. These data would carry important implications for when to administer interventions. Finally, as mentioned at the end of Section [4](#sec0020){ref-type="sec"}, developing versions of CBM and NF training (separately or in combined form) that are optimally effective, for example by using task stimuli that are motivationally salient for adolescents should be a priority.
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